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    ABSTRACT 
A mathematical model is presented for steady, two-dimensional, 
stagnation-point flow, heat, mass, and micro-organism transfer in a 
viscous, incompressible, bioconvective, electromagnetic nanofluid 
along a wedge with Stefan blowing effects, hydrodynamic slip, and 
multiple convective boundary conditions. Gyrotactic micro-organisms 
are present in the nanofluid and bioconvection arises, characterized 
by micro-organisms swimming under a competing torque. Similarity 
transformations are used to render the system of governing partial 
differential equations into a system of coupled similarity equations. 
The transformed equations are solved numerically with the BVP5C 
method. The impact of emerging parameters on dimensionless 
velocity, temperature, magnetic induction function, nanoparticle 
volume fraction, and density of motile micro-organisms is studied 
graphically. Furthermore, the responses of the local skin friction, 
local Nusselt number, local Sherwood number, and the wall gradient 
of density of motile micro-organism number to variation in these 
parameters are elaborated. Validation of solutions with previous 
studies based on special cases of the general model is included. The 
simulations are relevant to the processing of biological, electro-
conductive nanomaterials and industrial hygienic coating systems 
exploiting combined electromagnetics, nano-systems, and 
microscopic, bio-propulsion mechanisms. 
 
 
Keywords: Bioelectromagnetics; nanofluids; Stefan blowing; bio-
nano-materials processing; micro-organism gyrotaxis 
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NOMENCLATURE 
 
a  velocity slip parameter 
  41 0N Re
L
 
 
 
 
   
A  reciprocal of magnetic Prandtl number 
4sK
W


  
  
  
   
b  chemotaxis constant (𝑚) 
C  nanoparticles volume fraction    
𝐶𝑓 nanoparticles volume fraction at the free stream    
pC  specific heat at constant pressure 
 
J
Kg K
 
 
 
 
wC  nanoparticles volume fraction at the wall    
C  ambient nanoparticles volume fraction at the wall    
f xC  local skin friction coefficient    
BD  Brownian diffusion coefficient 
2m
s
 
 
   
𝐷𝑚 micro-organism diffusivity coefficient 
2m
s
 
 
   
nD  diffusivity coefficient 
2m
s
 
 
 
 
TD  thermophoretic diffusion coefficient 
2m
s
 
 
 
 
0E  reference electric potential value    
fE  electric field coefficient 
3 2
0
2 4 
E L Ws
Re kg K


  
  
  
 
xE  stream-wise electric field strength  0 3
  kg m
E
s A
 
 
 
 
 f   dimensionless stream function    
0H  uniform vertical magnetic field value at the infinity stream    
1H  induced magnetic field component along 𝑥- direction 
A
m
 
 
 
 
2H  induced magnetic field component along 𝑦- direction 
A
m
 
 
 
 
eH  magnetic field at the boundary layer edge 
A
m
 
 
 
 
 h   dimensionless induced magnetic field function    
3 
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ch  
diffusion convection coefficient    
fh  
convection conduction coefficient    
nh  micro-organism diffusion convection coefficient    
K  thermal conductivity of the nanofluid
W
m K
 
 
 
 
L  characteristic length  m  
Lb  Lewis number 
nD
 
 
 
   
M  magnetic field parameter 
2
0
4
m H L
 
  
     
   
m  wedge parameter    
1N  variable velocity slip factor 
s
m
 
 
 
 
 1 0N  constant velocity slip factor    
Nb  Brownian motion parameter 
 B fD C C


 
 
 
 
   
Nc  convection conduction parameter 
4
fh L
K Re
 
 
 
   
Nd  diffusion convection parameter 
4
c
n
h L
D Re
 
  
 
   
Nn  micro-organism diffusion convection parameter 
4
n
m
h L
D Re
 
  
 
 
 
𝑁𝑡 thermophoresis parameter 
 T wD T T
T




 
 
 
   
xn
N  local density number of motile microorganisms    
xu
N  localNusselt number    
n  number of motile micro-organisms    
wn  numberof motile micro-organisms at wall (wedge face)    
n  ambient number of motile micro-organisms    
P  pressure
2
  
 
kg
m s
 
 
 
   
Pe  Péclet number c
n
bW
D
 
 
 
   
Pr  Prandtl number 

 
 
 
   
Re  Reynolds number    
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xRe  local Reynolds number    
s  blowing parameter 
1
f
w
C C
C
 
 
 
   
Sc  Schmidt number
BD
 
 
 
   
xSh  local Sherwood number    
t  dimensional time  s  
T  nanofluid temperature ( )K  
fT  dimensional free stream temperature ( )K  
wT  dimensional surface temperature at the wall, i.e., wedge face ( )K  
T  dimensional ambient temperature ( )K  
vu ,  dimensional velocity components along the x  and y axes 
m
s
 
 
 
 
,u v  dimensionless velocity components along the x  and y axes    
𝑊𝑐 maximum cell swimming speed 
m
s
 
 
 
 
yx,
 Cartesian coordinates along and normal to the plate  m  
,x y  dimensionless coordinates along and normal to the plate    
Greek symbols 
  effective thermal diffusivity 
2m
s
 
 
 
 
  wedge apex angle 
  magnetic diffusivity 
2 41
4
m K
W
  
  
  
 
  independent similarity variable 
2m
s
 
 
 
 
  dynamic viscosity of the nanofluid
 
kg
m s
 
 
 
 
m  magnetic permeability 2 2
 
 
kg m
s A
 
 
 
 
  kinematic viscosity of the fluid 
2m
s
 
 
   
  fluid density 3
kg
m
 
 
 
 
f  density of the base fluid 3
kg
m
 
 
 
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 p nfc heat capacitance of the nanofluid 3 
J
m K
 
 
 
 
 
f
c
 
heat capacitance of the base fluid 
3 
J
m K
 
 
 
 
 
p
c  heat capacitance of the nanoparticles 
3 
J
m K
 
 
 
 
  latent heat transfer of the fluid 
W s
kg
 
 
 
 
  ratioof the effective heat capacity of the nanoparticle to the fluid heat capacity
 
 
p
f
c
c


 
 
 
 
   
  Stefan-Boltzman constant 
2 4
W
m K
 
 
 
 
  dimensionless temperature    
  dimensionless nanoparticle volume fraction    
  dimensionless number density of motile microorganisms    
  dimensionless stream function    
  dimensionless magnetic stream function    
 
Subscripts 
 
'
 differentiation with respect to   
 
1. INTRODUCTION 
Electrohydrodynamics (EHD) is the study of the dynamics of electrically charged fluids [1].  
It involves the motion of ionized particles/molecules as well as their interactions with electric 
fields and surrounding fluid. EHD applications encompass biological transport [2], 
desalination [3], ion drag pumps in spacecraft propulsion [4], fuel-emulsion mixing 
optimization [5], and bio-materials processing [6-7]. The application of EHD to heat transfer 
and mass transport problems also has applications with certain energy system restrictions that 
require enhanced heat transfer and mass transport. According to  Seyed-Yagoobi  [8], the 
advantages of EHD include: (1) rapid and smart control of enhancement by varying the 
applied electric field; (2) non-mechanical, simple in design, and lightweight; (3) suitability 
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for special environments (e.g. space); (4) applications to single and multi-phase flows; (5) 
minimal power consumption; and (6) low noise. However, Seyed-Yagoobi [8] noted that the 
implementation of high voltage in these promising industrial applications poses design and 
economic challenges. Further, the implementation of EHD to heat transfer and fluid dynamics 
introduces complex interactions of many inter-dependent variables. In recent years, heat 
transfer enhancement utilizing electric fields has been the subject of active research and 
efforts have been made to explain the EHD phenomena. EHD heat transfer involves the 
interactions among electric fields, flow fields, and temperature fields as described by Yabe  
and Hijikata  [9] and   Marucho and Campo  [10]. Atalik and  Sönmezle [11-12] investigated 
the influence of an electric field on heat transfer properties in a laminar, incompressible, non-
isothermal boundary layer gas flow over a wedge. Heat transfer enhancement using electric 
fields with forced convection in a horizontal channel was addressed by Huang and Lai   [13]. 
Mendes and Dente [14] examined the flow over an aerofoil when a layer of ionized gas and a 
longitudinal electric field are generated in the boundary layer region. 
 
Bio-electromagneticsis the study of the interaction of electric and magnetic fields with 
biological systems. Bio-electromagnetic fields are frequently used to diagnose 
illness.Examples include medical imaging, electrocardiography, electroencephalography, and 
electrophysiological evaluations. These methodologies are often critical in assisting the 
healing process via therapeutic interventions for cancer, pain control, bone growth, soft tissue 
repair, neural recovery, etc  [15]. However, precautions are essential since excessive exposure 
to even weak electromagnetic fields or short-term exposure to high strength fields may result 
in deep electrical burns, neural shock, etc. Many applications of electromagnetic fields in 
medical engineering are reviewed in ref. [16]. 
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Nanofluids, a sub-branch of these materials, have higher thermal conductivities and 
convective heat transfer coefficients compared with conventional base fluids (e.g. air and 
water). Nanofluids are synthesized by suspending nanoparticles, which may be metallic/non-
metallic, in base fluids [17]. The applications of nanofluids are immense and still growing. 
They include antibacterial systems, cancer therapy, pharmacological administration 
mechanisms, peristaltic pumps for diabetic treatments, solar cell enhancement, coolants for 
propulsion and lubrication designs[18-19], Beg and Tripathi in [20], and solar collectors [21]. 
Both theoretical and experimental studies of nanofluids have been reported. In the context of 
theoretical investigations, many complex geometric systems have been explored and several 
different numerical techniques employed. Rana in [22] used a finite element algorithm to 
investigate nonlinear viscoelastic nanofluid flow from an extending sheet as a simulation of 
nano-polymeric extrusion. Tripathi et al. [23] used Mathematica software integration routines 
to compute pumping characteristics for transient peristaltic diffusion of nanofluids in tapered 
channels. Akbar et al. [24] used Nakamura finite difference and integral methods to 
investigate cilia-driven propulsion of carbon wall nanotube (CNT)nanofluids in porous media 
with entropy generation effects. Magnetic nanofluids have also drawn significant interest 
from engineering sciences in recent years. In such flows, the nanoparticle dynamics may be 
manipulated with externally applied magnetic fields since magnetite nanofluids are 
electrically conductive. This allows their implementation in various technologies including 
drug delivery and aerospace smart materials. A state-of-the art review of heat transfer 
enhancement with magnetic nanofluids has been given by Vékás [25]. Applications in 
thermal engineering have been documented more recently by Nkurikiyimfura  et al.    [26]. 
 
Bioconvection is an intriguing biological swimming mechanism resulting from complex 
interactions between phenomena at different physical scales. The process is driven by the 
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direction of self-propelled micro-organisms that are denser than the suspension fluid. The 
swimming of each individual micro-organism is a mesoscale physical phenomenon. Micro-
organisms characteristically swim in the upwards direction, causing an unstable, top-heavy 
density stratification which under certain conditions may result in hydrodynamic instability 
[27]. Bioconvection has been shown to offer the potential to enhance mass transport and 
induce mixing, especially in micro-volumes, and improve the stability of nanofluids. Khan et 
al. [28] and many other researchers have analysed various types of bioconvection flows. 
Mutuku and Makinde [29] investigated the bioconvection induced by the hydromagnetic flow 
of nanofluid containing nanoparticles andmotile micro-organisms. Khan and Makinde [30] 
investigated magnetic nanofluid bioconvection due to gyrotactic microorganisms. Zaimi et al. 
[31] studied stagnation point flow from a stretchable/shrinkable sheet in a nanofluid with 
micro-organisms. Very recently,  Basir et al. [32] examined multiple slip effects in nanofluid 
enrobing flow from an extending cylindrical body. Bioconvection is driven by taxis which 
may be photonic (light), magnetic, chemical, gravity, torque, or of other types. It is a different 
propulsion mechanism from other micro-organism dynamics (such as Taylor flagella micro-
organism wavy sheet propulsion) as elaborated by Ali et al. [33] and Sajid et al.  [34]. 
 
All of the above studies have ignored bio-electromagnetic effectsin nanofluids; a feature that 
may be of critical importance in the synthesis of various next generation bio-nano-polymers, 
as elucidated by Pérez-Masiá et al. [35]. Biofilms have also been shown to provide a 
sustainable protective coating to engineering structures which can mitigate corrosion damage 
[36-37]. The proper understanding of the mechanisms involved in the manufacturing of such 
materials requires multi-physical fluid dynamic simulation of electro-magneto-
hydrodynamics (involving both electrical and magnetic field effects), nanofluid dynamics, as 
well as heat and micro-organism mass transfer (bioconvection), simultaneously. In the 
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present article, the bio-electromagnetic nanofluid flow containing gyrotactic micro-organisms 
along a wedge configuration with multiple convective boundary conditions is considered. The 
wedge configuration provides several practical scenarios of interest in biotechnological 
processing e.g. flat sheet, vertical sheet, etc. An efficient numerical technique, implicit finite 
difference methodwhich is available in MATLAB, is employed to determine numerical 
solutions for the dimensionless boundary value problem. Verification of the solutions is 
achieved with the quasi-linearization method solutions of Rajagopal et al.  [38]. The 
influence of emerging nanoscale, magnetic, geometric, bioconvection, and electrical 
parameters on the velocity, induced magnetic field, temperature, micro-organism number 
density, and other associated characteristics is evaluated. 
 
2. MATHEMATICAL BIO-ELECTROMAGNETICNANOFLUID MODEL 
We consider a steady, two-dimensional stagnation point flow of viscous, incompressible, 
electrically conducting, water-based nanofluids containing gyrotactic micro-organisms from a 
stretching/shrinking wedge (with apex angle, ) with multiple convective boundary 
conditions. The effect of the induced magnetic field is also considered with the magnetic 
Reynolds number being sufficiently high. Swimming speed is orders of magnitude greater 
than the sedimentation speed of the micro-organisms. Thus, sedimentation effects are 
ignored. The physical flow model and coordinate system is shown in Fig. 1.The coordinate 
system is selected such that the ?̅? −axis is aligned with the wedge face and the ?̅? −axis is 
perpendicular to it. At the wedge surface,  0y  ,the temperature, T , nanoparticle volume 
fraction, C , and micro-organism number density, n,are prescribed constant values of 
, ,w w wT C n , respectively. The ambient values (as y  ), the temperature, nanoparticle 
volume fraction, and micro-organism number density are , ,T C n   , respectively. 
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?̅?𝑒(?̅?) 
 
 
 
𝑢 = 𝑢𝑤 + 𝑢𝑠𝑙𝑖𝑝,𝑇 = 𝑇𝑓,𝐶 = 𝐶𝑓 ,𝑛 = 𝑛𝑓 
(i)  Momentum and magnetic boundary layer 
(ii) Solutal and thermal boundary layer 
(iii) Micro-organism boundary layer i 
ii 
iii 
Electrical field, 𝐸?̅? 
Magnetic field, H0 
Bioconvectionna
nofluid with 
gyrotactic micro-
organisms 
𝐻 𝑒(?̅?) 
𝑇∞ 
𝐶∞ 
 
  
Fig. 1: Physical model and coordinate system for wedge geometry 
It is assumed that the velocity of the wedge is Re
m
w
x
u
L L


  
   
  
, where  is a constant. It 
is further assumed that the velocity of the external flow Re
m
e
x
u
L L
  
   
  
, where L  is 
characteristic length and 𝑚  is the wedge parameter. For the case of𝑚 = 0 , the flow 
corresponds to that over a flat plate and for𝑚 ≠ 0, the general case of flow over a wedge is 
taken. A magnetic field of strength𝐻0is applied in the direction parallel to the surface of the 
body (i.e., along the x  axis outside the boundary layer). The effects of viscous dissipation, 
Joule heating, and the Hall current are neglected. The electrical currents flowing in the fluid 
give rise to an induced magnetic field. It is further assumed that the normal component of the 
induced magnetic field,𝐻2, vanishes at the wall and the parallel component,𝐻1, approaches its 
given value,𝐻0. Furthermore, an electrical field,𝐸?̅?, is imposed along the wedge surface in the 
x  direction. The governing equations following [39], [40], and [41] may be formulated as 
follows:
 
 
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Continuity equation 
0,
u v
x y
 
 
 
    (1) 
Magnetic field continuity equation  
1 2 0,
H H
x y
 
 
 
   (2) 
Momentum equation
 
2
1 1
1 2 2
,
4 4
m e m e e
e x
f f
du H dHH Hu u u
u v H H K u E
x y x y dx dx y
  

  
     
                 
  (3) 
Induced magnetic field equation 
2
1 1 1
1 2 2
,
H H Hu u
u v H H A
x y x y y
   
   
    
       (4) 
Energy equation
 
22
2
,TB
T T T T C D T
u v D
x y y y y T y
  

       
      
         
 (5) 
Nanoparticle concentration equation
 
2 2
2 2
,TB
C C C D T
u v D
x y y T y
    
    
    
   (6) 
Micro-organismspecies number density equation 
 
2
2
.
n
n n n
u v nv D
x y y y
   
  
   
    (7) 
The boundary conditions follow [42] and [43] such that: 
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 
   
   
1
slip 2
1 0
, , 0, 0, ,
1
, at 0,
Re , Re ,
, , 0 as ,
B
w f f w
w
n c f w m n f w
m m
e e
D HC T
u u u H k h T T
C y y y
C n
D h C C D h n n y
y y
x x
u Ku x K H K H x K H
L L L
T T C C n y
v

 
   
       
    
 
      
 
    
       
    
  
 

 (8) 
where
 
 
p
f
c
c



  is the ratio of nanoparticle heat capacity to the base fluid heat capacity,   is 
the thermal diffusivity, 
1
4


  is the magnetic diffusivity, A



 
is the reciprocal of the 
magnetic Prandtl number c
bW C
v
C y


 
,  f  is the density of the fluid, m  is the magnetic 
permeability, BD  is the Brownian diffusion coefficient, TD  is the thermophoretic diffusion,
0H  is the value of the uniform magnetic field upstream at infinity,  eu x and  eH x are the 
x  velocity and x  magnetic field at the edge of the boundary layer.  slip 1 / ,
u
u N x L
y




where  1 /N x L is the slip factor and
2 1
0
m
x
x
E E
L

 
  
 
 is the stream-wise electric field 
strength. 
 
3. NON-DIMENSIONALIZATION OF THE GOVERNING EQUATIONS 
The following dimensionless variables (defined in the nomenclature) are introduced to 
transform Eqns. (1)-(8) into dimensionless form. 
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We introduced the momentum stream function,  , defined by ,u v
y x
  
  
 
 and the 
magnetic stream function, , defined by
1H
y



, 2H
x

 

, and substitute them into 
Eqns. (3)-(8). This yields the following: 
 
2 2 2 2 3 3
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e e
e e x
du dH L
M Ku KM H E
y x y x y y x y x y dx dx y
     

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The boundary conditions reduce from Eqn.(8) to: 
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The following coordinate transformations are developed using Lie group analysis: 
 (16)      
1 1 1
2 2 2, ( ), , ,
m m m
x y x f x h
  
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(i) Solutal boundary layer, 
(ii) Thermal boundary layer 
and 
(iii) Momentum boundary 
layer 
i 
ii 
iii 
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Here   is the independent similarity variable and ( ), ( ), ( ), ( )f h       are dependent 
similarity variables. Implementing the similarity transformations of Eqn. (14) into Eqns. (9)-
(12), the following ordinary differential equations emerge: 
     2 2
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The boundary conditions now become the following:  
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The dimensionless parameter in Eqns.(17)-(22) are defined as Pr


 (Prandtl number),
c
n
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4n
m
L
Nn h
D Re
 (microorganism diffusion convection),
4c
n
L
Nd h
D Re
  (diffusion 
convection), and
4f
L
Nc h
K Re
 (convection conduction). 
 
4. ENGINEERING DESIGN QUANTITIES  
The quantities of interest in the present bio-electro-magnetic nanofluid boundary layer flow 
problem are the skin friction coefficient,
f x
C , the local Nusselt number,
xNu , the local 
Sherwood number,
xSh , and the density number of motile micro-organisms, xNn . These are 
defined individually as: 
2
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f f wy y y ye
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y T T y C C y n yu
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            
      
            
   
  (23) 
By using the appropriate non-dimensionless variables in Eqn.(9) and Eqn.(23), we obtain 
1 2 1 2 1 2 1 2Re ''(0), Re '(0), Re '(0), Re '(0)
xx f x x x x x x
C f Nu Sh Nn            (24) 
where Re /x eu x   is the local Reynolds number. 
 
5. NUMERICAL RESULTS, VALIDATION, AND DISCUSSION 
The transport problem amounts to a 12
th 
order system of nonlinear, multi-degree, ordinary 
differential equations defined by Eqns. (17)–(21) with boundary conditions in Eqn. (22). This 
boundary value problem is solved computationally using the BVP5C code in 
MATLAB.BVP5C is a finite difference computational code, three-stage LobattoIIIA 
formula. This is a collocation scheme that provides a continuous solution that is uniformly 
fifth-order accurate. Features such as mesh selection and error control are included in the 
code. Further details are provided in[44]. 
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Validation of this present numerical method has been conducted with existing solutions in the 
literature. In the absence of electric field parameter(𝐸𝑓 = 0) , magnetic field parameter 
(𝑀 = 0), and latent heat transfer of the fluid (𝜆 = 0), thermal conductivity (𝐾 = 1), and no 
slip boundary condition (𝑎 = 0), the mathematical model defined by Eqns. (17)–(21) with 
boundary conditions of Eqn. (22) reduces to the case considered by  Jafar et al.  [45]. 
Table1shows the comparison for the value of the skin friction function, 𝑓′′(0), with the 
published Keller box implicit finite difference results of  Jafar et al.    [45]. Further validation 
with  the earlier quasi-linearization numerical solutions is also included in Table 1. An 
excellent agreement is found between the present BVP5C computations and the other two 
solutions.  The graphs are drawn for the numerical outcomes and observations are detailed 
over the effects of the governing parameters on momentum and thermal boundary layers.  
Figures 2-8 illustrate selected distributions of the key variables i.e. dimensionless velocity, 
induced magnetic field, temperature, nano-particle volume fraction, and the micro-organism 
concentration function with transverse coordinate (𝜂 ). Figure 9 displays plots for skin 
friction coefficient, local Nusselt number, local Sherwood number, and local micro-organism 
transfer rate respectively. These physical quantities must asymptotically approach zero, i.e. 
𝑓′(𝜂) − 𝐾 → 0, ℎ′(𝜂) − 𝐾 → 0, 𝜃(𝜂) → 0, 𝜑(𝜂) → 0, 𝜒(𝜂) → 0 as  𝜂 → ∞   (for  𝐾 = 1 ), 
which are satisfied by all 𝑓′(𝜂), ℎ′(𝜂), 𝜃(𝜂), 𝜑(𝜂) and 𝜒(𝜂).Inspection of Figs.2-8 verifies 
that smooth convergence of profiles in the free stream is achieved and thus an adequately 
large infinity boundary condition is imposed in the BVP5C code. 
Table1: Comparison of the value of the friction factor𝑓′′(0)when 𝑀 = 0, 𝜆 = 0,𝐾 =
1, 𝐸𝑓 = 0, 𝑎 = 0 . 
𝛽 = 𝑚 Rajagopal et al. [38] 
[Quasilinearization Method] 
Jafar et al.  [45] 
[Keller Box Method] 
Present 
[BVP5C method] 
1 1.231289 1.2326 1.232587662 
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5.1 Effects of the magnetic field parameter, M 
Figures 2(a)-(c) show the effect of the magnetic field strength on the dimensionless 
temperature, nanoparticle volume fraction, and motile micro-organismsnumber density.  
Figures 2(a) and (c) exhibit the dimensionless temperature and micro-organism increasing 
with increase of magnetic field parameter and Fig.2(b) shows that the dimensionless 
nanoparticle volume fraction decreases with the increase of the magnetic field parameter.  
  
(a) (b) 
 
(c) 
Fig.2: Effect of magnetic field parameter M on the dimensionless (a) temperature, (b) 
nanoparticles volume fraction, and (c) motile micro-organisms number density. 
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Magnetic field parameter,
2 2
0
24
mH LM

 
  arises in several terms solely in the momentum 
conservation equation (hydrodynamic boundary layer Eqn. (17)). These terms are 
//
2
1
hh
m





 
 and  2/hKmM  . Both terms strongly couple the velocity field to the 
magnetic induction field i.e. Eqn. (18). However, magnetic terms do not appear in the energy 
conservation (Eqn. (19)), nanoparticle conservation (Eqn. (20)) or micro-organism species 
(Eqn. (21)) equations. The influence of the magnetic parameter is therefore indirectly 
sustained via the velocity field which is also coupled strongly to energy, nanoparticle, and 
micro-organism equations via multiple nonlinear terms in Eqns. (19)-(21). The primary 
influence of increasing the magnetic parameter is to decelerate the velocity field since the 
applied magnetic field is transverse to the wedge face, reducing momentum transfer in the 
boundary layer. However, magnetic induction is elevated by increasing the magnetic 
parameter. There is effectively a boost in thermal energy in the regime owing to the 
supplementary kinetic energy dissipated by dragging the nanofluid against the action of the 
magnetic field. This elevates the temperature magnitudes as illustrated in Fig.2(a) and 
increases thermal boundary layer thickness. The deceleration in the flow with greater 
magnetic parameter, however, inhibits nanoparticle diffusion (Fig.2(b)) and decreases 
nanoparticle concentration boundary layer thickness. Furthermore, the micro-organism field 
(Fig.2(c)) is positively affected by the damping of the velocity field with greater magnetic 
force number and is found to grow significantly in magnitude both at and for some distance 
from the wedge face. Propulsion of the gyrotactic micro-organisms is therefore encouraged 
with stronger magnetic field effect while nanoparticle volume fraction is reduced. The 
magnetic field has a profound influence on transport phenomena characteristics.  
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5.2 Effects of the electric field, 𝑬𝒇 
Figures 3(a-e) show the effects of electric field parameter on the dimensionless velocity, 
induced magnetic field (gradient of the magnetic stream function), temperature, nanoparticle 
volume fraction, and motile micro-organism number density, respectively.In these figures, 
the blowing parameter s = 0.8, which assists the flow. The electric body force arising in the 
momentum Eqn. (17) acts as an acceleration force in the flow direction and thereby increases 
the velocity of the nanofluid. It generates the opposite effect to a magnetic field since the 
electric field is parallel to the wedge face while the magnetic field is transverse to it. This 
results in a thinning of the boundary layer and faster growth from the leading edge at the apex 
angle to downstream locations. The electric field augments magnetic induction, elevating 
h
/
()magnitudes. The magnetic boundary layer thickness is also increased. These trends 
concur with the observations of other researchers including [46] and, more recently,[47]. 
Increasing electric field, however, generates a cooling effect in the nanofluid and strongly 
suppresses temperatures, as observed in Fig.3(c). This will lead to an escalation in heat 
transfer to the wedge face (greater Nusselt numbers). This concurs with the findings of [12]. 
Thermal boundary layer thickness is also considerably decreased with greater electrical body 
force. The presence of a stronger aligned axial field is opposite of the transverse magnetic 
field, which heats the boundary layer. Thus, judicious selection of electric and magnetic 
fields is required to produce desired thermal effects in the manufacturing of electro-
conductive nanofluids. Converse to the impacts of the transverse magnetic field, an increase 
in aligned electricfield is found to enhance nanoparticle diffusion, i.e. volume fraction 
magnitudes (Fig.3(d)).  
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(a) (b) 
  
(c) (d) 
 
(e) 
Fig.3:Effects of the electric parameter
f
E  on the dimensionless (a) velocity, (b) induced 
magnetic filed , (c) temperature, (d) nanoparticle volume fraction and (e) micro-organism.  
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This pattern is sustained through the boundary layer transverse to the wedge face i.e. for all 
values of. It is also seen that micro-organism density number isinhibited with stronger 
electric field (Fig.3(e)). 
 
5.3 Effects of the convection-conduction parameter, 𝑵𝒄 
Figsures 4(a-b) illustrate the impacts of convection-conduction parameter on the 
dimensionless temperature and nanoparticle volume fraction distributions.  
  
(a) (b) 
Fig.4: Effects of the convection-conduction parameter Nc  on the dimensionless (a) 
temperature and (b) nanoparticle volume fraction. 
The dimensionless temperature increases and the dimensionless nanoparticle volume fraction 
decreaseswith an elevation in convection-conduction parameter.
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 arises only in 
the wall temperature boundary condition in Eqn. (22) i.e. at the wedge surface. As Nc
increases, thermal convection dominates over thermal conduction in that heat is lost from the 
wedge surface to the nanofluid, increasing temperatures within the nanofluid. Thermal 
boundary layer thickness is thereby increased. The increase in thermal diffusion in the 
nanofluid counteracts species diffusion of nanoparticles and results in a decrease in 
nanoparticle volume fraction and an associated depletion in nanoparticle concentration 
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boundary layer thickness. The influence on micro-organism distribution is trivial and is not 
illustrated. The present computations agree with other investigations such as those reported 
by [30]. 
 
5.4 Effects of the diffusion-convection parameter,  Nd  
Figure 5depicts the response of nanoparticle volume fraction to variation in the diffusion-
convection parameter,
4c
n
L
Nd h
D Re
 .This parameter embodies the relative influence of 
convective diffusion to nanoparticle species diffusivity, and is enforced again at the wedge 
face via the augmented boundary condition given in Eqn. (22).  
 
Fig.5: Effects of the diffusion-convection parameter  Nd on the dimensionless nanoparticles 
volume fraction. 
The most prominent effect is, as expected, at the wall (wedge face). Further into the boundary 
layer, the influence of Nd is progressively reduced and vanishes in the free stream where all 
nanoparticle volume fractions merge. 
 
5.5 Effects of the micro-organism diffusion-convection parameter, Nn  
Figure 6shows that a substantial increase in motile micro-organism density number 
accompanies a rise in micro-organism diffusion-convection parameter. As in other plots, 
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strong nanofluid injection is present at the wedge face  0s  . The parameter 
4n
m
L
Nn h
D Re
 is present in the micro-organism surface boundary condition in Eqn. (22). It 
relates the comparative contribution of the micro-organism diffusion coefficient at the wall 
(hn) to the micro-organism species diffusivity in the nanofluid (Dm). As such, it induces a 
strong enhancement at the wedge face which is systematically reduced with progression into 
the boundary layer.  
 
Fig.6: Effects of the micro-organism diffusion-convection parameter Nn   on the 
dimensionless micro-organism. 
 
5.6 Effects of the suction/blowing parameter, 𝒔 
Figures 7(a-c) depict the influence of the wedge surface suction/blowing parameter, s (i.e. 
lateral mass flux effect) on the dimensionless temperature,  nanoparticle volume fraction, and 
micro-organism number density. Figures 7(a) and 7(c) clearly demonstrate that both 
dimensionless temperature and micro-organism density are increasedwith greater blowing
 0s , whereas they are suppressed in magnitude with greater suction  0s . 
Conversely,Fig.7(b) reveals that nanoparticle volume fraction is decreasedwith an increase in 
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blowing parameter but enhanced with greater suction. With suction at the wall  0s , 
nanofluid is drawn through the wall via perforations. This destroys momentum, increases 
adherence of the boundary layer to the wall, thereby declerating the flow,leading to a 
reduction in momentum (hydrodynamic) boundary layer thickness. With greater injection at 
the wall  0 ,s the opposite effect is generated with a significant accleration of the flow and 
thinning in the velocity boundary layer thickness. This manifests in a decreasein temperature 
with stronger suction and an elevation in temperature with stronger injection (blowing). 
  
(a) (b) 
 
(c) 
Fig.7: Effects of the blowing parameter 𝒔 on the dimensionless (a) temperature (b) 
nanoparticle volume fraction and (c) micro-organismnumber density. 
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Thus, thermal boundary layer thickness is greater with mass injection into the boundary layer. 
A similar effect occurs in the motile micro-organism field. By blowing a greater quanitity of 
micro-organisms into the flow regime, this naturally results in greater concentration values. 
Conversely, the introduction of nanofluid reduces the concentration of nanoparticles since the 
scales involved amount to greater qunatities of base fluid comapred with nanoparticles. 
Suction reverses this process and intensifies the concentration distribution of nanoparticles. 
5.7 Effects of the reciprocal of the magnetic Prandtl number, 𝑨 
Figure 8 portrays the effects of the reciprocal of the magnetic Prandtl number A


   on the 
fluid velocity and induced magnetic field with suction at the wall. This parameter is invoked 
due to magnetic induction effects and defines the ratio of magnetic diffusivity to viscous 
diffusivity. Magnetic Reynolds number is sufficiently large for the flow field to create 
magnetic field distortion. For cases where the value of this parameter is very small compared 
to unity, the magnetic field is known to be undistorted by the flow. However, for large values 
of magnetic Reynolds number, induction effects are significant and necessitate a separate 
conservation equation,as considered in the present model.As A increases, both the fluid 
velocity (Fig.8(a)) and induced magnetic field (Fig.8(b)) decrease. Momentum and magnetic 
boundary layer thicknesses will therebybe increased and decreased, respectively. It is also 
apparent that the effect of A is more pronounced on magnetic induction  h  than  f   at 
the wedge face. 
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 (a) (b) 
Fig. 8: Effects of the reciprocal of the magnetic Prandtl number 𝐴 on the dimensionless (a) 
velocity and (b) induced magnetic field.  
 
5.8 Behaviour of Engineering Design Quantities  
In Fig.9(a),the skin frictioncoefficient  0f  is observed to rise with greater electric field 
parameter which is consistent with the earlier computation for velocity field (Fig.3(a)).A 
stronger aligned electric field accelerates the flow, generating greater shear at the wedge face. 
The primary effect of electric field fE is to thin the hydrodynamic boundary layer, as opposed 
to transverse magnetic field M which induces deceleration and thickens the momentum 
boundary layer.Fluid dynamic control in conductive nanomaterials processing is thereby 
achievable via the imposition of both electric and magnetic fields. The suction effect  0s
decreases surface shear stress i.e. skin friction and decelerates the boundary layer flow 
shearing past the wedge face. Blowing  0s induces the opposite effect.  
Figure 9(b) depicts the variation of the local Nusselt number
xu
N , representing the heat 
transfer rate at the wedge surface, for different values of the wedge parameter  m with 
respect to convection-conduction parameter  Nc and Brownian motion parameter  Nb for 
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very low wall injection (  0.1s  ). The heat transfer rate increases with wedge parameter 
since the latter is associated with pressure gradient. This encourages heat removal from the 
boundary layer to the wall, as elucidated in [48]. Almost horizontal profiles are observed, 
indicating that the wedge parameter has a consistent and sustained influence on Nusselt 
number. A similar response has been determined by [49]. Nusselt number is also strongly 
enhanced with an increase in convection-conduction parameter. As computed previously,this 
decreases temperatures in the nanofluid and thusencouarges the migration of heat towards the 
wall (wedge face), boosting heat transfer to the wedge. Increased Brownian motion number 
 Nb physically correlates with smaller nanoparticle diameters that cause greater 
temperatures in the nanofluid. Brownian motion encourages heat transfer away from the 
wedge face into the boundary layer, resulting in a slight depression in Nusselt number values. 
Therefore, smaller Brownian motion number corresponds to larger nanoparticles which 
achieve a reduced thermal enhancement. A boost in the temperature physically implies that 
heat diffuses faster in nanofluids than vortices. Figure 9(c)illustrates that the increase of 
thermophoresis  𝑁𝑡  and diffusion-convection parameter Nd both enhance the local mass 
transfer rate for the flow near the wedge with suction present  0.1s   . Since 
thermophoresis is inversely proportional to thermal diffusivity and directly proportional to 
thermophoretic diffusion coefficient, mass transfer rate decreases with greater thermal 
diffusivity and increases with decreasing thermophoretic diffusion.Nanoparticle mass transfer 
rate at the wedge face is also found to be enhanced with increasing wedge parameter  m . 
Figure 9d shows the effects of bio-convectionLewis number  Lb , micro-organism diffusion-
convection parameter  Nn , and bio-convection Péclet number  Pe on local micro-organism 
transfer rate. Péclet number is directly proportional to b  (chemotaxis constant) and Wc
(maximum cell swimming speed) and inversely proportional to nD (diffusivity of 
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microorganisms). Therefore, for higher Péclet number, the micro-organism speed will be 
reduced and/or the diffusivity of the micro-organisms will be decreased. This will result in 
reduced concentrations of micro-organism in the boundary layer and an elevation in motile 
micro-organism mass transfer rate as observed in Fig.9(d). Micro-organism mass transfer rate 
also increases with the increase of bio-convection Lewis number and micro-organism 
diffusion-convection parameter. That is, with the increase of the thermal diffusivity the 
micro-organism mass transfer rate at the wedge face increases. 
 
 
(a) (b) 
 
 
(c) (d) 
Fig.9:Results of (a)skin friction coefficient
f x
C ,  (b)local Nusselt number 
xNu ,  (c)local 
Sherwood number 
xSh , and (d) density number of motile micro-organisms xNn for  varius 
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values of electric parameter, blowing parameter, magnetic field parameter, Brownian motion, 
convection-conduction parameter, wedge parameter, thermophoresis, diffusion-convection 
parameter, Lewis number, micro-organism diffusion-convection parameter and Péclet 
number, respectively. 
 
6. CONCLUSIONS 
A mathematical model has been developed for two-dimensional stagnation point flow, heat, 
mass and microorganism transfer along a wedge. The model incorporates the effects of both  
aligned (streamwise) electric field and transverse magnetic field, magnetic induction, 
multiple convective boundary conditions, hydrodynamic slip, and Stefan blowing.  BVP5C 
finite difference numerical solutions have been obtained for the transformed, nonlinear 
boundary value problem. Selected computations have been presented and it has been shown 
that: 
1. With an increase in magnetic field parameter, the temperature of the fluid decreases 
and nanoparticle volume fraction increases. 
2. The temperature and micro-organism increases with the increase of electric field 
parameter whereas the nanoparticle volume fraction decreases. 
3. The nanoparticle volume fraction decreases with an increase in the convection-
conduction parameter. 
4. With greater diffusion-convection parameter, the wedge flow is strongly decelerated 
whereas nanoparticle volume fraction is enhanced. 
5. The micro-organism number density increases with micro-organism diffusion-
convection parameter. 
6. The skin friction parameter decreases with an increase in magnetic field parameter 
(due to stronger magnetohydrodynamic drag force) and blowing parameter whereas it 
is elevated with an increase in electric field parameter. 
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7. The heat transfer rate is reduced with greater Brownian motion parameter whereas it 
is boosted with increased convection-conduction and wedge parameters. 
8. The local mass transfer rate increases with a rise in thermophoresis, diffusion- 
convection, and wedge parameters. 
9. The local micro-organism transfer rate increases with higher bio-convection Lewis 
number, micro-organism diffusion-convection parameter and bio-convection Péclet 
number. 
10. Magnetic induction (i.e. magnetic stream function gradient) is substantially enhanced 
with greater electric field parameter whereas it is reduced with increased values of the 
reciprocal of the magnetic Prandtl number. 
11.  Velocity is strongly decreased with increasing magnetic Prandtl number i.e. flow 
deceleration is induced. 
The present investigation has addressed some novel features in bio-convection 
electromagnetic nanofluid transport from a wedge configuration using a Newtonian model. 
Future studies will consider non-Newtonian nanomaterials and will be communicated 
imminently. 
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